induction. An E. coli strain, designated 0.1229, was identified that amplified Stx2a production 27 when co-cultured with E. coli O157:H7 strain PA2. Growth of PA2 in 0.1229 cell-free 28 supernatants had a similar effect, even when supernatants were heated to 100°C for 10 min, but 29 not after treatment with Proteinase K. The secreted molecule was shown to use TolC for export 30 and the TonB system for import. The genes sufficient for production of this molecule were 31 localized to a 5.2 kb region of a 12.8 kb plasmid. This region was annotated, identifying 32 hypothetical proteins, a predicted ABC transporter, and a cupin superfamily protein. These genes 33
The secreted molecule requires tolC for secretion, and tonB for import into target strains 160 Some bacteriocins and microcins require genes encoded outside of the main operon for 161 secretion, such as the efflux protein TolC (35). The supernatant of 0.1229DtolC did not increase 162 Stx2a expression by strain PA2 to levels seen with wildtype 0.1229 supernatants (data not 163 shown). Similar results were observed in co-culture experiments using the PrecA-gfp carrying 164 strain (Fig. 8) . The phenotype was restored when tolC was complemented on a plasmid, but only 165 when tested with the PrecA-gfp strain (Fig. 7) . Similarly, numerous bacteriocins are translocated 166 into target cells using the TonB system (36). A tonB knockout was constructed in the PrecA-gfp 167
reporter strain, as we were unsuccessful generating this in a O157:H7 background. In co-culture 168 with 0.1229, the MG1655DtonB PrecA-gfp strain produced lower GFP levels than the MG1655 169
PrecA-gfp strain (Fig. 8 ). This phenotype was restored when pBAD24::tonB, but not pBAD24, 170 was transformed into the mutant strain (Fig. 8) . 171
The gene cluster was identified in additional strains 172
Lastly, it was hypothesized that E. coli isolated from human feces would encode the 173 similar molecules identified here. A total of 101 human fecal E. coli isolates were obtained from 174 Penn State's E. coli Reference Center, and three of these were found to induce GFP production 175 in the PrecA-gfp reporter assay (Fig. S4) . Furthermore, the supernatants of two of these isolates, 176 designated 91.0593 and 99.0750, increased Stx2a to levels similar to 0.1229, however 90.2723 177 did not (Fig. 9A ). Genome sequencing of these three organisms revealed that 91.0593 and 178 99.0750 carried plasmids similar to p0.1229_3, however the latter plasmid had a deletion in the 179 recombinase and transposon regions (Fig. 9B) . Strain 99.0750 was molecular serotype O36:H39, 180 while 91.0593 could not be O typed but was identified as H10. 181 182 183
Discussion 184
The concentration of E. coli in human feces ranges from 10 7 to 10 9 colony forming units 185 (CFU) (37, 38). Typically, there are up to five commensal E. coli strains colonizing the human 186 gut at a given time (39, 40). As the human microbiota affects O157:H7 colonization and 187 virulence gene expression (41-44), it is thought that community differences in the gut microflora 188 may explain, in part, individual differences in disease symptoms (45). Indeed, commensal E. coli 189 that are susceptible to stx2-converting phage can increase phage and Stx production (22, 23). In 190 mice given a co-culture of O157:H7 and phage-resistant E. coli, minimal toxin was recovered in 191 the feces, but with E. coli that were phage-susceptible, higher levels of toxin were found (46). 192
However, it is clear that phage infection of susceptible bacteria is not the only mechanism by 193 which the gut microflora affects Stx2 levels during infection (19, 20, 24, 26) . 194
In this study, both whole cells and spent supernatants of E. coli 0.1229 enhanced Stx2a 195 production by E. coli O157:H7 strain PA2. This latter strain is a member of the hypervirulent 196 clade 8 (47) and was previously found to be a high Stx2a producer in co-culture with E. coli 197 C600 (23). E. coli 0.1229 produces at least two molecules capable of increasing Stx2a. The first 198 is MccB17, a DNA gyrase inhibitor, shown to activate Stx2a production in an earlier study (24) . 199
This current study identified a second molecule localized to a 12.8 kb plasmid, and all genes 200 necessary for production are found within a 5.2 kb region. Furthermore, gene knockouts 201 identified four potential ORFs within this region, hp1, abc, cupin and hp2, that are required for 202 0.1229 mediated Stx2a amplification. This gene cluster was also identified on pB51 (48), a 203 similar plasmid to p0.1229_3, however limited characterization was reported. 204
Oxidizing agents, such as hydrogen peroxide (H 2 O 2 ), and antibiotics targeting DNA 205 replication, such as ciprofloxacin, mitomycin C and norfloxacin, are known to induce stx-206 converting phage (5, 49, 50) and subsequently Stx2 production (5, 49). However, the Stx2 207 amplifying activity of the 0.1229 supernatant was abolished by Proteinase K, suggesting the 208 inducing molecule is proteinaceous in nature. Colicins are bacteriocins found in E. coli (51), are 209 generally greater than 30 kDa in size, and at least one member has been previously shown to 210 enhance O157:H7 Stx2 production (26). While some colicins utilize TonB for translocation, they 211
are not expected to be heat stable. The molecule produced by 0.1229 was resistant to 100°C for 212 10 minutes, strongly suggesting it is not a colicin. Additionally, a small peptide (DHGSR) was identified in the supernatants of 0.1229 by mass 233 spectroscopy (data not shown) corresponding to an ORF internal to hp2 encoded in the opposite 234 direction. Future experiments will determine if one of these, or another region, encodes a 235 secreted microcin. 236
One argument against designation as a class IIa microcin, is the lack of an identifiable N-237 terminal proteolytic domain (61) in the predicted ABC transporter encoded on p0.1229_3. This 238 domain is found in all other members of class IIa. Interestingly, the class I microcin J25 239 (MccJ25) also encodes an ABC transporter lacking this domain. Unlike the other class I 240 microcins, MccJ25 is TolC and TonB dependent for export and import, respectively. While the 241 possibility cannot be excluded that the system identified here is a class I microcin, if so, it is 242 more similar to MccJ25 than to other members of this group. 243
While the current mechanism of action is unknown, it is theorized that the putative 244 microcin causes DNA damage, through double strand breaks, depurination, or inhibition of DNA 245 replication. Such actions would lead to RecA-dependent phage induction and Stx2 production. 246
The suspected mode of action would be divergent from the known class IIa microcins, which 247 target the inner membrane (62) and MccJ25 which inhibits the RNA polymerase (63). Besides 248 the predicted ABC transporter, the functions of the other ORFs is unclear. We anticipate one of 249 these may encode an ABC accessory protein, known to be essential for these export complexes 250 (64). One ORF encodes a cupin domain found in a functionally diverse set of proteins. An 251 immunity gene protecting the host may also be expected in this region. 252
The genes encoding the putative microcin were additionally found in E. coli strains 253 99.0750 and 91.0593. Genome sequencing of these strains failed to identify genes encoding 254
MccB17, which may explain the lower levels of Stx2a production seen in co-culture with PA2 255 compared to those seen with 0.1229. Bioinformatic analyses also identified other E. coli that 256 encode nearly identical regions. Interestingly, one of these was E. coli O104:H4 HUS, isolated in 257 2001 (33), and responsible for a large 2011 outbreak in Germany. However, a premature stop 258 codon identified in cupin suggests it is non-functional. Homologs of hp1, ABC and cupin were 259 identified together in several other organisms distantly related to E. coli, suggesting these encode 260 a functional unit. The absence of hp2 in most of these genetic clusters argues against this ORF 261 encoding the anti-bacterial activity or may suggest that these organisms encode microcins 262 distinct from hp2. 263
In conclusion, a putative microcin was identified in E. coli, expanding our knowledge of 264 this small group of antimicrobial peptides. This study also identifies another mechanism by 265 which E. coli may enhance Stx2a production by E. coli O157:H7. Further studies may also 266 provide new insights into the diverse genetic structure and functions of microcin-encoding 267
systems. 268 269

Materials & Methods 270
Bacterial strains, media and growth conditions 271 E. coli strains were grown in Lysogeny Broth (LB) at 37°C unless otherwise indicated, 272 and culture stocks were maintained in 20% glycerol at −80°C. Antibiotics were used at the 273 following concentrations; ampicillin (100 µg/ml), chloramphenicol (25 µg/ml), kanamycin (50 274 µg/ml), and tetracycline (10 µg/ml). All bacterial isolates, plasmids and primers used in this 275 study can be found in Table 1 . E. coli SF-173-1 was provided by Dr. Craig Stephens, Santa Clara 276
University. 277
Co-culture with PA2 278
Co-culture with E. coli O157:H7 PA2 was performed similar to previously described 279 (23). PA2 and commensal E. coli strains were grown overnight at 37°C (with shaking at 250 280 rpm). LB agar (2.5 ml) was added to 6-well plates (BD Biosciences Inc., Franklin Lakes, NJ), 281 and allowed to solidify. PA2 and commensal strains were each diluted to an OD 600 of 0.05 in 1 282 ml of LB broth and added to the 6-well plates. A mono-culture of PA2 (at 0.05 OD 600 in 1ml) 283 served as a negative control. The plates were incubated without shaking at 37°C. After 16 hr, 284 cultures were collected, cells were lysed with 6 mg/ml polymyxin B at 37°C for 5 min, and 285 supernatants were collected. Samples were immediately tested with the receptor-based enzyme-286 linked immunosorbent assay (R-ELISA), as described below, or stored at -80°C. Total protein 287 was calculated using the Bradford assay (VMR Life Science, Philadelphia, PA), and used to 288 calculate µg/mg Stx2. 289
R-ELISA for Stx2a detection 290
Detection of Shiga toxin was performed using a sandwich ELISA approach, previously 291 described by Xiaoli et al., 2018 (24) . Briefly, 25 µg/ml of ceramide trihexosides (bottom spot) 292 (Matreya Biosciences, Pleasant Gap, PA) dissolved in methanol was used for coating of the 293 plate. Washes were performed between each step using PBS and 0.05% Tween-20. Stx2a-294 containing samples were diluted in PBS as necessary to obtain final readings in the linear range. 295
Samples were added to the wells in duplicate and incubated with shaking for 1 hr at room 296 temperature. Supernatants of E. coli PA11, a high Stx2a producer (65), were used as a positive 297 control. Anti-Stx2 monoclonal mouse antibody (Santa Cruz Biotech, Santa Cruz CA) was added 298
to the plate at a concentration of 1 µg/ml, then incubated for 1 hr. Anti-mouse secondary 299 antibody (MilliporeSigma, Burlington MA) conjugated to horseradish peroxidase (1 µg/ml) was 300 added to the plate, and incubated for 1 hr. For detection, 1 step Ultra-TMB (Thermo-Fischer, 301
Waltham, MA) was used, and 2M H 2 SO 4 was added to the wells to stop the reaction. The plate 302 was read at 450 nm using a DU ® 730 spectrophotometer (Beckman Coulter, Atlanta, GA). A 303 standard curve was generated from two-fold serially diluted PA11 samples and used to quantify 304 the µg/ml of Stx2a present in each sample. 305
Cell-free supernatant assay with PA2 306 E. coli O157:H7 strain PA2 and non-pathogenic E. coli strains were individually grown 307 with shaking at 37°C for 16 hr. Overnight culture of the non-pathogenic strains were centrifuged, 308 and supernatants were filtered through 0.2 µm cellulose filters (VWR International, Radnor, PA). 309 LB agar (2.5 ml) was added to the wells of 6-well plates (BD Biosciences Inc., Franklin Lakes, 310 NJ) and allowed to solidify. PA2 was added to wells at a final density of 0.05 OD 600 in 1 ml of 311 spent supernatant. For the negative control, PA2 was resuspended in fresh LB broth to the same 312 cell density, and 1 ml was added to a well. The plates were statically incubated at 37°C for 8 hr, 313 after which the cell density (OD 600 ) was recorded. Cells were lysed with 6 mg/ml Polymyxin B 314 at 37°C for 5 min and supernatant recovered. Samples were immediately tested for Stx2a by R-315 ELISA or stored at -80°C. Data reported as µg/ml/OD 600 . 316
Detection of SOS inducing agents using PrecA-gfp 317
E. coli expressing PrecA-gfp, which encodes green fluorescent protein (gfp) under control 318 of the recA promoter (66), was purchased from Dharmacon (Lafayette, CO). The plasmid was 319 transformed into E. coli W3110DtolC. The tolC deletion reduces the potential efflux of recA-320 activating molecules. W3110DtolC PrecA-gfp and commensal strains were individually grown 321 overnight with shaking at 37°C. LB agar (2.5 ml) was added to 6-well plates and allowed to 322 solidify. W3110DtolC PrecA-gfp and one commensal strain were each diluted to a final OD 600 of 323 0.05 in LB broth, and 1ml was added to the 6-well plates. The negative control included only 324
W3110DtolC PrecA-gfp at a final OD of 0.05 in 1 ml LB broth. The plates were statically 325 incubated at 37°C. After 16 hr, 100 µl was removed from each well, added to black 96 well clear 326 bottom plates (Dot Scientific Inc., Burton, MI) and optical density (OD 620 ) was read using a 327 DU®730 spectrophotometer. Relative fluorescence units (RFU) were measured at an excitation 328 of 485 nm and emission of 538 nm on a Fluoroskan Ascent FL (Thermo Fisher Scientific, 329
Waltham, MA) (67). RFU values were normalized to cell density. 330
One step recombination for E. coli knockouts 331
Mutants of 0.1229 and MG1655 were constructed using one-step recombination (68). 332
Primers contained either 50 bp upstream or downstream of the gene of interest, followed by 333 sequences annealing to the P1 and P2 priming sites from pKD3. PCR was performed at the 334 following settings: initial denaturation at 95°C for 30s; 10 cycles of 95°C 30s, 49°C 60s, 68°C 335 100s; 24 cycles of 95°C 30s, T a 60s, 68° at variable time, and a final extension at 68°C for 5min. 336 T a and variable times for each set of primers are reported in Table 1 . A derivative of pKD46-337
Kan
R was used as 0.1229 is resistant to Amp R . Electroporation was used to construct E. coli 338 0.1229(pKD46) and MG1655(pKD46), using a Bio-Rad Gene Pulser II and following protocols 339 recommended by the manufacturer. Colonies containing pKD46-Kan R were selected on LB 340 plates with kanamycin. Strains containing pKD46 were grown to an OD 600 of 0.3, and L-341 arabinose was added to a final concentration of 0.2M. After incubation for 1 hr, cells were 342 washed and electroporated with the pKD3-derived PCR product. Transformants were selected on 343 LB plates with chloramphenicol. Knockouts were confirmed by PCR using primers ~200bp 344 upstream and downstream of the gene, using standard PCR settings (initial denaturation at 95°C 345 for 30s; 35 cycles of 95°C 30s, variable amplification temperature (T a ) 60s, 68°C at variable 346 time; and a final extension at 68°C for 5min). This strategy was followed for all the knockouts, 347 including primers and temperatures specific for each gene (Table 1) . 348
Gibson cloning 349
The 2745-7950 bp region of p0.1229_3 was cloned into pBR322 350 (pBR322::p0.1229_3
2745-7950 ), using Gibson cloning as previously described (69). Briefly, primer 351 pairs were constructed containing 30 bp annealing to the pBR322 insert site and 30 bp that would 352 anneal to p0.1229_3. DNA from 0.1229 and pBR322 was amplified at these sites using standard 353 PCR settings, amplicons were cleaned up using a PCR purification kit (Qiagen, Germantown, 354 MD) and subjected to assembly at 50°C using the Gibson cloning kit (New England Biosciences, 355
Ipswich, MA). Assembled plasmids were propagated in DH5a competent cells (New England 356
Biosciences, Ipswich, MA). Verification PCR was performed using primers 200 bp upstream and 357 downstream of the insert site (Table 1 ) and confirmed using Sanger sequencing. Successful 358 constructs were transformed into C600 electrocompetent cells. A similar process was used to 359 clone tolC in pBAD18 (Kan R ). 360
Whole genome sequencing and bioinformatics 361
For the whole genome sequencing of 0.1229, genomic DNA was isolated using the 362 Wizard Genomic DNA purification kit (Promega, Madison, WI). Whole genome sequencing was 363 performed at the Penn State Genomics Core facility using the Illumina MiSeq platform. A PCR-364 free DNA kit was used for library preparation. The sequencing run produced 2 x 150 bp reads. 365
For the whole genome sequencing of 99.0750, 91.0593, and 90.2723, genomic DNA was 366 isolated using Qiagen DNeasy Blood and Tissue Kit (Qiagen Inc., Germantown, MD). Whole 367 genome sequencing was performed using the NexTera XT DNA library prep kit and run on an 368
Illumina MiSeq platform. The sequencing run produced 2 x 250 bp reads. 369
After Illumina sequencing, Fastq files were checked using Fastqc v0.11.5 (70) and 370 assembled using SPAdes v3.10 (71). SPAdes assemblies were subjected to the Quality 371 Assessment Tool for Genome Assemblies v4.5 (QUAST) (72), and contig number, genome size, 372 N50 and GC % were noted. contained overlapping regions at the end which can be identified using dot plots in Gepard (74). 384
The genome was checked manually for even sequencing coverage. Afterwards, the improved 385 consensus sequence was uploaded in SMRT Analysis 2.3.0 to determine the final consensus and 386 accuracy scores using Quiver consensus algorithm (75). The assembled genome was annotated 387 using the NCBI's Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP) (76). 388
Plasmid sequences were visualized using Blast Ring Image Generator v0.95 (BRIG) (77). 389
The Center for Genomic Epidemiology website was used for ResFinder v3.1.0 (90% identity, 390 60% length) (78), SerotypeFinder v2.0.1 (85% identity, 60% length) (79) and MLSTFinder 391 v2.0.1 (80) using the Achtman multi-locus sequence typing (MLST) scheme (81). The Integrated 392 LB refers to PA2 grown in mono-culture. One-way ANOVA was used and bars marked with an asterisk were significantly higher than LB (Dunnett's test, p < 0.05). Ampicillin resistance gene (blaTEM-1B) and four ORFs, hp1, abc, cupin and hp2 are also labeled (C). NCBI accession numbers are pUTI89 (CP000244), pRS218 (CP007150), pECO-fce (CP015160), pSF-173-1 (CP012632), pHUSEC41-3 (NC_018997), and pEC16II (KU932034). Samples were normalized to cell density, OD 600 or OD 620 , for Stx2a or fluorescence, respectively.
Microbial Genomics & Microbiomes website of DOE's Joint Genome Institute was utilized to
One-way ANOVA was used and bars marked with an asterisk were significantly lower than 0.1229 (Dunnett's test, p < 0.05).
A B Fig. 5 : PA2 was grown in the cell-free supernatant of 0.1229, C600 containing p0.1229_3 and C600. Stx2a levels were measured using the R-ELISA. LB refers to PA2 grown in LB broth.
One-way ANOVA was used and bars marked with an asterisk were significantly higher than LB (Fisher's LSD test, p < 0.05). 
